Carbon fiber reinforced cement is a smart material due to its sensing ability, which is based on piezoresistivity. A finite element model for simulating the measurement of electrical resistance in this material is provided. The measured four-probe resistance decreases with increasing distance between the adjacent voltage and current contacts. For a beam of size 320 × 40 × 40 mm 3 , the minimum distance for accurate four-probe resistivity measurement is 5 mm for surface contacts (at the end surfaces), 5 mm for loop contacts (around the perimeter) and 40 mm for line contacts (on one surface). The two-probe resistivity is most inaccurate for the line contacts. For loop contacts, the two-probe resistivity is accurate when the aspect ratio exceeds 8, and the four-probe resistivity is accurate when the aspect ratio exceeds 1.5. For a column of size 426 × 92 × 76 mm 3 , the minimum distance between the adjacent current and voltage contacts for accurate four-probe resistivity measurement is 50 mm for loop contacts and 400 mm for line contacts. For a slab of size 9.75 × 4.88 × 0.30 m 3 , the minimum distance for accurate four-probe resistivity measurement along the 9.75 m length is 250 mm for line contacts.
Introduction
Cement-based materials are the dominant construction materials for infrastructures. By the use of short conductive fibers, such as carbon fibers, as an admixture, the electrical resistivity of the resulting cement-based material can be significantly decreased, particularly if the fiber volume fraction exceeds the percolation threshold [1, 2] . The conductivity enables multifunctionality, so that the material is more than just a structural material [3] . One of the nonstructural functions is the sensing of strain, as made possible by piezoresistivity, i.e. the reversible effect of strain on the electrical resistivity [4] [5] [6] [7] [8] [9] [10] [11] . Strain sensing relates to stress sensing and is valuable for traffic monitoring [12] , border monitoring, building security, building facility management (through the use of the occupancy of each 1 Permanent address: Department of Engineering Structures and Mechanics, School of Science, Wuhan University of Technology, Wuhan, Hubei 430070, People's Republic of China. 2 Author to whom any correspondence should be addressed. room to control the lighting, heating, cooling and ventilation of the room for the purpose of saving energy), truck weighing and structural vibration control. Another nonstructural function relates to the use of a structural material as a heating element that is based on resistance (Joule) heating [13] [14] [15] [16] . Heating applications include the deicing of airport runways and bridges and the heating of building floors. Yet another nonstructural application relates to the use of a conductive cement-based material as an electrical contact for implementing cathodic protection [17] , which is a method of corrosion protection of steel reinforcing bars (rebars) embedded in concrete. All these functions hinge on the electrical conductivity of the cementbased material. Cement reinforced with a small proportion of short carbon fibers of diameters around 15 μm has been shown to be effective for all of the functions mentioned above [2] .
For strain sensing, the electrical resistance of the cementbased material needs to be measured accurately. For the applications related to heating and cathodic protection, the electrical resistance of the cement-based material needs to be measured for the purpose designing the heating element or the electrical contact for cathodic protection. Thus, all of these applications require at some point the measurement of the electrical resistance.
The method of electrical resistance measurement of a material is conceptually simple, as it is based on Ohm's law. However, it is partly complicated by the electrical resistance that is associated with the electrical contacts that are used for making the measurement. Such contact resistance is to be distinguished from the resistance of the material under investigation. To circumvent this problem, the four-probe method [18] is used. In this method, four electrical contacts are used; the outer two are for passing current, while the inner two are for measuring the voltage. The voltage divided by the current gives the resistance of the portion of the specimen between the inner contacts. In contrast, the two-probe method uses only two electrical contacts, so that each contact is both for passing current and for voltage measurement. As a consequence, the resistance obtained by using the two-probe method has the contact resistance included in it, whereas that obtained by using the four-probe method essentially does not include the contact resistance. Another complication relates to the positions and geometry of the electrical contacts, as they affect the extent of uniformity of the current density in the region of resistance measurement.
Due to the large sizes and various geometries of concrete structures, the electrical contact configuration may have to deviate from the ideal case. For example, the two-probe method may be easier to implement than the four-probe method. As another example, the measurement of the surface resistance (using a surface current, as provided by electrical contacts that are on the same surface) may be easier to implement than the measurement of the volume resistance (using electrical contacts that ideally allow a uniform current density distribution throughout the volume of resistance measurement). As yet another example, the measurement of the volume resistance using current contacts that are around the perimeter in planes that are perpendicular to the direction of resistance measurement may be easier to implement than that using current contacts that are at the two end surfaces.
For the purpose of implementation, it is important to assess the various methods of resistance measurement, including those that are not ideal. This assessment can be conducted experimentally, but it can also be done numerically. The numerical method is attractive in that it can be applied to various sizes and geometries. In contrast, the experimental method can only be applied to a limited number of sizes and geometries and, moreover, it tends to be difficult when the specimen is large or heavy. Prior work has provided a degree of experimental assessment for carbon fiber reinforced cement [18] , but there is no prior work on numerical assessment for any cement-based material. Therefore, this paper is aimed at numerical simulation of the measurement of electrical resistance in carbon fiber reinforced cement.
The objectives of this paper are to assess numerically the effectiveness of various electrical contact configurations for measuring the electrical resistivity of carbon fiber reinforced cement and to provide a numerical tool for design of the contact configurations for various specimen geometries and dimensions. 
Method of simulation
The carbon fiber reinforced cement is supposed to be isotropic and homogeneous. When the carbon fiber content is 0.5 vol% (just below the percolation threshold [1] ), the volume electrical resistivity is 1.2 × 10 4 cm [18] , which is low compared to the value of 5 × 10 5 cm for the case without fiber [19] . The simulation involves the use of the finite element method (FEM), as conducted for a beam, a slab and a column. A commercially available FEM tool called MARC is used. Figure 1 shows the finite element mesh for a beam of size 320 × 40 × 40 mm 3 . The specimen is divided into 16 384 solid elements in the FEM analysis. The calculation module of MARC called 'Joule heating' is used to calculate the steadystate electric field distribution.
In the case of a beam-shaped specimen, the resistance is measured along the length of the beam. Three electrical contact configurations are assessed, as listed below and illustrated in figure 2.
(a) Surface contacts: electrical contacts for passing current are at the ends of the specimen, such that each contact covers the entire end surface. (b) Loop contacts: electrical contacts for passing current are around the perimeter at the ends of the specimen. (c) Line contacts: electrical contacts for passing current are on the top surface at the ends of the specimen.
The contact resistance is associated with (i) the resistance of the interface between the electrical contact and the specimen surface and (ii) the resistance within the contact material. Since the contact material is a metal of high conductivity (such as silver from silver paint), the interfacial resistance ((i) above) is expected to dominate the contact resistance.
In the FEM simulation, the resistance of an electrical contact is considered as the additional resistance of the elements that line the interface between the electrical contact and the specimen. In other words, the resistivity of the contact elements is effectively higher than that of the other elements in the specimen. The effective resistivity of the contact elements is obtained numerically by applying the model to calculate (i) the resistance for the unreal case of zero contact resistance and (ii) the resistance for the real case corresponding to a value of the contact resistance that is based on experimental determination (as described below [18] ). The difference between the two calculated resistances is 2R c , where R c is the resistance due to one electrical contact. The use of two current contacts results in a total contact resistance of 2R c .
The contact resistivity is the product of R c and B, where B is the area of the interface between the electrical contact and the specimen surface. In the case of surface contacts (figure 2(a)), B is the area of the specimen perpendicular to the direction of resistance measurement. In the case of loop (figure 2(b)) and line (figure 2(c)) contacts, B is much smaller. In this work, we assume that the width of the loop and line contacts is 1 mm.
For the case of electrical contacts in the form of silver paint loops, the contact resistivity is 6 × 10 3 cm 2 , as calculated from the experimentally measured values of the twoprobe and four-probe resistances [18] . In this calculation, we assume that the loop is 1 mm wide. Furthermore, we note that the difference between the two-probe resistance (two-probe resistivity 1.53 × 10 4 cm multiplied by the length of the specimen between the contacts and divided by the area of the specimen perpendicular to the direction of resistance measurement) and the four-probe resistance (fourprobe resistivity 1.32×10 4 cm multiplied by the length of the specimen between the voltage contacts and divided by the area of the specimen perpendicular to the direction of resistance measurement) is equal to 2R c .
By using the contact resistivity of 6 × 10 3 cm 2 and B values of 1600, 160 and 40 mm 2 , respectively, for the surface, loop and line contacts of this work (figure 2), we obtain corresponding R c values of 390, 3900 and 15 800 . 
Results and discussion

Current density distribution in a beam
This section pertains to calculation of the current density distribution in a beam-shaped specimen of size 320 × 40 × 40 mm 3 . Different configurations for the current contacts (figure 2) result in different current density distributions in the specimen. This in turn results in different values of the measured resistance, since the measured resistance is obtained by dividing the measured voltage by the applied current. The applied current is considered to be 0.1 μA, which is typical for the measurement of the resistance of carbon fiber reinforced cement.
The current density distribution is uniform throughout the end surface for the case of the surface contacts of figure 2(a). Figures 3 and 4 show the non-uniform current density distribution at the end surface for the configurations of figures 2(b) and (c), respectively. Figure 3 shows that, for the case of the loop contacts of figure 2(b), the current density is highest at the boundary of the specimen cross section and decreases toward the center of the cross section. current density is highest at the top surface and monotonically decreases as the distance from the top surface increases.
Measured resistance of a beam
This section pertains to calculation of the measured resistance in a beam-shaped specimen of size 320 × 40 × 40 mm 3 . As in section 3.1, the specimen is divided into 16 384 elements in the FEM analysis.
In the procedure of electrical resistance measurement, the volume resistance of the part of the specimen between the voltage contacts (the same as the current contacts in the case of the two-probe method) is obtained by dividing the measured voltage between the voltage contacts by the applied current. In the four-probe method, the voltage contacts are separate from the current contacts. In the case of the configurations of figures 2(b) and (c), the distance between the adjacent voltage and current contacts can affect the degree of uniformity of the current density distribution in the part of the specimen between the voltage contacts. This is because the current is injected from the perimeter ( figure 2(b) ) or the top surface ( figure 2(c) ) and, as a consequence, the current does not penetrate the entire cross section at the point of injection. A uniform current density is necessary for accurate measurement of the resistivity. Due to the non-uniformity, the measured resistivity deviates from the accurate value. In this section, the measured resistivity is determined numerically for each of the configurations of figure 2 and for various distances between the adjacent voltage and current contacts in each case. A distance of zero corresponds to the two-probe method. All non-zero distances correspond to the four-probe method. The voltage contacts are not shown in figure 2 . However, in the simulation, each voltage contact is at the center point of a line on the top surface in the direction perpendicular to the direction of resistance measurement. Figure 5 shows the measured resistivity obtained numerically for the case with and without contact resistance. The case with the contact resistance corresponds to reality. Although the case without contact resistance is not reality, it is useful for helping distinguish between the effect of the contact resistance and the effect of non-uniform current density distribution. The case with contact resistance reflects both effects, whereas the case without contact resistance reflects only the effect of non-uniform current density distribution. The method of accounting for the contact resistance numerically is explained in section 2.
For all of the three electrical contact configurations of figure 2, the measured resistivity for the case with contact resistance ( figure 5(a) ) decreases monotonically with increasing distance between the adjacent voltage and current contacts. This partly means that the four-probe method is more accurate than the two-probe method. In the case of the surface contacts of figure 2(a), this trend is because of the contact resistance only, as the current is uniformly injected throughout the cross section from the end surface. In the case of the loop contacts of figure 2(b) and the line contacts of figure 2(c), this trend is partly due to the contact resistance and partly due to the non-uniform current injection. The greater is this distance, the more uniform is the current density distribution, and the more accurate is the measured resistivity. The minimum distance between adjacent voltage and current contacts for accurate resistivity measurement is 5 mm in the case of surface and loop contacts, and is 40 mm in the case of line contacts, as shown in figure 5(a) .
For a distance of zero, which corresponds to the two-probe method, the measured resistivity is highest (least accurate) for the line contacts, less high for the loop contacts and lowest (most accurate) for the surface contacts, as shown in figure 5(a) . This is due to the most severe current density non-uniformity for the case of the line contacts, as shown in figure 4 .
The curves for surface and loop contacts in figure 5 (a) are close, whereas the curve for line contacts is different. This implies that the use of loop contacts is essentially as reliable as the use of surface contacts. This is consistent with experimental results [18] . On the other hand, the use of line contacts is not reliable, unless the distance between the voltage and current contacts exceeds 40 mm.
For the unreal case of figure 5(b) (without contact resistance), the measured resistivity using surface contacts is independent of the distance between the adjacent voltage and current contacts and the value is the same for two-probe and four-probe methods. This is expected, since the contact resistance is the only cause of the decrease in measured resistivity with increasing distance for the case with surface contacts in figure 5(a) (with contact resistance). For a distance of zero, the measured resistivity is higher in figure 5 (a) than in 5(b), whether surface, loop or line contacts are used. This is expected, since figure 5(a) accounts for the contact resistance, whereas figure 5(b) does not. The minimum distance for the measured resistivity to decrease to the accurate value is essentially the same in figures 5(a) and (b), whether loop or line contacts are used. This means that the minimum distance shown by figure 5(a) for loop and line contacts mainly reflects the non-uniformity in the current density distribution rather than reflecting the contact resistance.
In the simulation, we input the resistivity (referred to as the input resistivity ρ i ) of 1.0 × 10 4 cm, which is close to the previously reported experimental value of 1.2×10 4 cm [18] . Figure 5 shows that the calculated resistivity (referred to as the output resistivity ρ o ) is higher than the input resistivity when the adjacent current and voltage contacts are close, and is close to the input resistivity when the distance between the adjacent current and voltage contacts is large. This can be explained by noting that the measured resistance R is related to ρ i and ρ o by
where A i is the input area, which is the part of the crosssectional area through which current actually passes, and A o is the output area, which is the total cross-sectional area of the beam. In other words, the output resistivity is the measured resistivity, which is calculated from the measured resistance by taking the total cross-sectional area into account, even though the current penetration may not be complete. Based on equation (1),
Because A o A i , ρ o ρ i .
Measured resistance of a column
This section pertains to calculation of the measured resistance of a carbon fiber cement column of size 426 × 92 × 76 mm 3 , as typical of a full-size structure. The specimen is divided into 31 027 elements in the FEM analysis.
The resistance is measured along the 426 mm length of the column. Only loop contacts and line contacts are considered, due to the relevance to the practical situation. A loop contact is perpendicular to the length of the column, such that it is around the 92 mm × 76 mm perimeter of the column. A line contact is a line perpendicular to the length of the column, such that it is on either the 92 mm wide surface or the 76 mm wide surface of the column. The contact resistance is taken into account. The unreal case in which the contact resistance is ignored is not considered in this section. Figure 6 shows that the measured resistivity decreases monotonically with increasing distance between the adjacent voltage and current contacts, as in figure 5(b) . The minimum distance between adjacent voltage and current contacts for accurate resistivity measurement is 50 mm in the case of loop contacts, and is 400 mm in the case of line contacts, as shown in figure 6 . The results are close for the two sets of line contacts. 
Measured resistance of a slab
This section pertains to calculation of the measured resistance of a carbon fiber cement slab of size 384 × 192 × 12 in (9.75 × 4.88 × 0.30 m 3 ), as typical of a full-size structure. The specimen is divided into 4096 elements in the FEM analysis.
The resistance is measured along the 9.75 m length of the slab. Only line contacts are considered, due to the relevance to the practical situation. Each line contact is along the 4.88 m width of the slab. The contact resistance is taken into account. The unreal case in which the contact resistance is ignored is not considered in this section. Figure 7 shows that the measured resistivity decreases monotonically with increasing distance between the adjacent voltage and current contacts, as in figures 5(b) and 6. The minimum distance between adjacent voltage and current contacts for accurate resistivity measurement is 250 mm, as shown in figure 7 . This distance is small compared to the value of 400 mm for line contacts in the case of the column of section 3.3. This is because of the small thickness of the slab compared to the cross-sectional size of the column.
Effect of the aspect ratio of a column
Consider a column of cross-sectional size 40 × 40 mm 2 . Only loop contacts are used in this section. Let us calculate the effect of the aspect ratio (length of the column divided by 40 mm) on the measured resistivity. For each value of the aspect ratio, the measured resistivity approaches the true resistivity as the distance between the adjacent current and voltage contacts increases, as described in figure 5(b) . The smaller is the aspect ratio, the less the measured resistivity approaches the true resistivity.
For each value of the aspect ratio, from a curve similar to figure 5(b), one can determine the maximum resistivity (which occurs when the distance between the adjacent current and voltage contacts is zero, i.e. the case of the two-probe method) and the minimum resistivity (which occurs at a non-zero distance between the adjacent current and voltage contacts, i.e. the case of the four-probe method). The ratio of the maximum resistivity to the true resistivity is called the maximum resistivity ratio, which is shown in figure 8(a) . The ratio of the minimum resistivity to the true resistivity is called the minimum resistivity ratio, which is shown in figure 8(b) . The maximum resistivity ratio approaches 1 when the aspect ratio exceeds 8 ( figure 8(a) ). This means that the resistivity measured by using the two-probe method is accurate when the aspect ratio exceeds 8. The minimum resistivity ratio reaches 1 when the aspect ratio exceeds 1.5 ( figure 8(b) ). This means that the resistivity measured by using the four-probe method is accurate when the aspect ratio exceeds 1.5. Hence, for an aspect ratio less than 8, the four-probe method should be used.
Instead of considering the distance between the adjacent current and voltage contacts, one can consider the distance between the voltage contacts. For each value of the aspect ratio, the measured resistivity approaches the true resistivity as the distance between the voltage contacts decreases. The distance between the voltage contacts below which the measured resistivity is equal to the true resistivity is hereby called the critical length. The ratio of the critical length to the overall length of the column is hereby called the critical length ratio. The higher is the aspect ratio, the greater is the critical length ratio. For example, for an aspect ratio of 3.5, the critical length ratio is 0.8. Figure 9 shows that the aspect ratio must exceed 1.2 in order for the critical length ratio to be non-zero. This means that the measured resistivity cannot be accurate when the aspect ratio is below 1.2.
Although a column of cross-sectional size 40 × 40 mm 2 was used in the above calculation, similar calculation involving different cross-sectional dimensions (other than 40 mm) but the same values of the aspect ratio was also conducted. It was thus found that the results shown in figures 8 and 9 concerning the effect of the aspect ratio are independent of the cross-sectional dimensions.
Conclusion
A finite element model for simulating the measurement of electrical resistance in carbon fiber reinforced cement is provided. The model allows calculation of the resistivity measured using different electrical contact configurations and specimen geometries, thereby allowing assessment of the effectiveness of various electrical contact configurations and providing a numerical tool for the design of the configurations for various specimen geometries and dimensions. It also allows calculation of the current density distribution. The measured resistance using the four-probe method decreases with increasing distance between the adjacent voltage and current contacts. For a beam of size 320 × 40 × 40 mm 3 , the minimum distance for accurate resistivity measurement by the four-probe method is 5 mm in the case of surface contacts (due to contact resistance), 5 mm in the case of loop contacts (due to contact resistance and non-uniform current density distribution) and is 40 mm in the case of line contacts (mainly due to the non-uniform current density distribution). The use of loop contacts is essentially as reliable as the use of surface contacts, although the current density is more uniform for surface contacts than loop contacts.
The resistivity measured by using the two-probe method is less accurate than that measured by using the four-probe method. It is highest (most inaccurate) for the line contacts and lowest (most accurate) for the surface contacts. This is due to the most severe current density nonuniformity for the case of the line contacts.
Using loop contacts, the two-probe resistivity measured along the length of a column is accurate when the aspect ratio exceeds 8, whereas the four-probe resistivity is accurate when the aspect ratio exceeds 1.5.
For a column of size 426 × 92 × 76 mm 3 , the minimum distance between the adjacent current and voltage contacts for accurate resistivity measurement in the direction of the length of the column by the four-probe method is 50 mm in the case of loop contacts and 400 mm in the case of line contacts. For a slab of size 9.75 × 4.88 × 0.30 m 3 , the minimum distance between the adjacent current and voltage contacts for accurate resistivity measurement in the direction of the longest side of the slab by the four-probe method is 250 mm in the case of line contacts.
